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A b s tr a c t  We com pute mass outflow  rate R m from relativistic m atter accreting quasi-
sphencally  onto S chw ar/sch ild  black holes Taking the pair-plasm a pressure m ediated shock 
surface as the effet five boundary layer (of the black hole) from where bulk o f the outflow is 
assu m ed  to be g en e ra ted , com p u ta tio n  of th is rate is done using  co m b in a tio n s  o f exact 
transonic inflow and outflow  solutions We find that Rn) depends on the initial param eters of 
the flow', the polytropic index o f matter, the degree of com pression o f  m atter near the shock 
surface and on the location of the shock surface itself We thus not only study the variation 
o f  the inass outflow  rate as a function of various physical param eters governing the problem  
but also provide a sufficiently  p lausib le  estim ation o f this rate
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Computation of mass outflow rates from the advcctive accretion disks around black holes and 
neutron stars has very recently been done [1-4] by self consistently combining the exact 
transonic accretion and wind solutions. Rigorously justifying the fact that most of the outflowing 
matter comes out from the CENlrifugal Pressure Supported BOundary Layer (CENBOL) it has 
been shown there that the Rankine-Hugoniot shock location or the location of the maximum 
polytropic pressure acts as the CENBOL. However, for some black hole models of active 
galactic nuclei, inflow may not have accretion disk ([5] and references therein). Accretion is 
then quasi-spherical having almost zero or negligible angular momentum (Bondi [6] type 
accretion) and the shock is not of Rankine-Hugoniot type. On the otherhand; absence of 
angular momentum rules out the possibility of formation of the poly tropic pressure maxima. For 
this type of accretion, absence of intrinsic angular momentum of the accreting material does 
not allow CENBOL formation. It has been shown that [7-8] for quasi-spherical accretion onto 
black holes, steady state situation may be developed where a standing collisionless shock may
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fo rm  d u e  to  the  p la s m a  ins tab ili t ies  a n d  fo r  n o n lin ea r i ty  in t ro d u c e d  by  sm a l l  d e n s i ty  p e r tu rb a t io n .  
T h i s  is b e c a u s e ,  a f t e r  c r o s s in g  th e  so n ic  p o in t  th e  in f a l l in g  m a t t e r  ( in  p l a s m a  f o r m )  b e c o m e s  
h ig h ly  su p e r s o n ic .  A n y  sm a l l  p e r tu rb a t io n  a n d  s lo w in g  d o w n  o t  th e  in fa ll  v e lo c i ty  w il l  c r e a t e  a 
p is to n  a n d  p r o d u c e  a sh o c k .  A  s p h e r ic a l ly  s y m m e t r i c  s h o c k  p r o d u c e d  in  s u c h  a  w a y  w i l l  
a c c e le ra te  a  f rac t io n  o f  the  in f lo w in g  p l a s m a  to  r e la t iv is t ic  e n e r g i e s .  T h e  s h o c k  a c c e l e r a t e d  
r e la t iv is t ic  p a r t ic l e s  s u f f e r  e s s e n t ia l ly  n o  C o m p t o n  lo s s  a n d  a re  a s s u m e d  to  lo s e  e n e r g y  o n ly  
t h r o u g h p-p  c o l l i s io n .  T h e s e  r e la t iv is t ic  h a d r o n s  a re  no t  r e a d i ly  c a p tu r e d  by  th e  b a l c k  h o le  |9 ]  
r a th e r  c o n s id e r a b le  h ig h  e n e rg y  d e n s i ty  o f  th e s e  re la t iv is t ic  p r o t o n s  w o u ld  b e  m a i n t a i n e d  to  
su p p o r t  a  s t a n d in g ,  co l l i s io n lc s s ,  s p h e r ic a l  s h o c k  a r o u n d  th e  b la c k  h o le  ( s e c  [ 8 ] a n d  r e f e r e n c e s  
th e re in ) .  T h u s ,  a  s e l f - s u p p o r te d  s t a n d in g  s h o c k  m a y  b e  p r o d u c e d  even fo r  a c c r e t i o n  w i th  z e r o  
a n g u la r  m o m e n tu m .
T h is  ty p e  o f  s h o c k  fo rm a t io n  has  a  v e ry  / / / / /w /7t f / / / c o n s e q u e n c e  r e g a r d in g  th e  f o r m a t i o n  
a n d  d y n a m i c s  o f  m a s s  o u t f lo w  f ro m  re la t iv is t ic  m a t t e r  a c c r e t in g  w i th  z e r o  i n t r i n s ic  a n g u l a r  
m o m e n tu m  {no a c c re t io n  d isk )  o n to  b la c k  h o le s  w h ic h  w e  e x p lo r e  in th is  rapid communication. 
A s  th e re  w a s  n o  su c h  a t t e m p t  a v a i l a b le  in the  l i te ra tu re  w h ic h  c o m p u t e s  th e  m a s s  lo s s  ra te  f r o m  
z e ro  a n g u la r  m o m e n t u m  q u a s i - s p h e r ic a l  B o n d i  ty p e  a c c r e t io n ,  o u r  w o r k  ,for the first time w e  
b e l i e v e ,  c o u ld  s h e d  ligh t on  the  n a tu re  o f  the  o u t f lo w  f r o m  th e  m o d e l s  o f  A G N s  w i th  n o  
a c c re t io n  d is k s .  In th is  w o rk ,  w e  tak e  th e  a b o v e  m e n t i o n e d  pair-plasma pressure mediated 
shock surface as the  a l t e rn a t iv e  o f  the  C E N B O L  w h ic h  c a n  be  t r e a te d  a s  th e  effective p h y s i c a l  
h a rd  su r fa c e  w h ic h ,  in p r in c ip le  m im ic s  the  o rd in a ry  s te l la r  s u r f a c e  r e g a r d in g  th e  m a s s  o u t f lo w
A t th e  s h o c k  su r fa c e ,  d e n s i ty  o f  th e  p o s t - s h o c k  m a t e r i a l  s h o o t s  u p  a n d  v e lo c i ty  fa l ls  
d o w n ,  in f a lh n g  m a t te r  s ta r ts  p i l in g  up  on  the s h o c k  s u r fa c e .  T h e  p o s t  s h o c k  r e la t iv is t ic  h a d r o n i c  
p re s s u re  th e n  g iv e s  a  k ick  to  the  p i l e d  u p  m a t te r ,  th e  re s u l t  o f  w h ic h  is th e  e j e c t i o n  of o u t f lo w  
f ro m  the s h o c k  su r fa c e .  T h e  f r a c t io n  o f  e n e r g y  c o n v e r t e d ,  the  s h o c k  c o m p r e s s i o n  r a t i o  Rtomj) 
(in  th e  n o ta t io n  o f  |4 J ) ,  a lo n g  w i th  the  ra t io  o f  p o s t  s h o c k  r e l a t i v i s t i c  h a d r o n i c  p r e s s u r e  to  
in fa l l in g  r a m  p re s s u re  a t  a  g iv e n  s h o c k  lo c a t io n  a re  o b ta i n e d  f r o m  th e  s t e a d y  s ta te  s h o c k  
so lu t io n  o f  E l l is io n  a n d  E ic h le r  f 1 0 , 1 1 ]. In th is  w o rk ,  w e  s e l f - c o n s i s l e n t l y  c a l c u l a t e  th e  s h o c k  
lo c a t io n  as  a f u n c t io n  o f  the  sp e c i f ic  e n e r g y  £  o f  th e  in f a l l in g  m a t t e r  a n d  a c c r e t i o n  ra te  u s in g  
the  a b o v e  m e n t io n e d  q u a n t i t i e s .  T h e  a m o u n t  o f  m a s s  o u t f lo w  ra te  Rm f r o m  th e  s h o c k  s u r f a c e  
is th e n  o b ta i n e d  u s in g  c o m b i n a t i o n  of exact t r a n s o n ic  i n f lo w  o u t f l o w  s o l u t i o n s  a n d  th e  
d e p e n d e n c e  o f  Rm o n  v a r io u s  p h y s i c a l  e n t i t i e s  g o v e r n i n g  th e  i n f l o w - o u t f l o w  s y s t e m  h a s  b e e n  
s tu d ied .  W e  th u s  q u a n t i ta t iv e ly  c o m p u t e  the  m a s s  o u t f lo w  r a tconly f r o m  th e  i n f lo w  p a r a m e te r s .  
In th is  w ay ,  w e  a n a ly t ic a l ly  c o n n e c t  the  a c c re t io n  a n d  w in d  ty p e  to p o l o g i e s  s e l f - c o n s i s t c n t l y .  
T h e  c o n d i t i o n  n e c e s s a r y  fo r  th e  d e v e l o p m e n t  a n d  m a i n t e n a n c e  o f  s u c h  a  s e l f - s u p p o r t e d  
s p h e r ic a l  s h o c k  d e s c r ib e d  a b o v e  is s a t i s f ie d  fo r  the  h ig h  M a c h  n u m b e r  s o l u t i o n s  [ 10]. K e e p i n g  
th is  in  th e  b a c k  o f  o u r  m in d .  Tor o u r  p re s e n t  w o rk ,  w e  c o n c e n t r a t e  o n ly  o n  lo w  e n e r g y  a c c r e t io n  
to  o b ta in  h ig h  s h o c k  M a c h  n u m b e r .
U s in g  P a c v y / /  s k i - W i i t a  (12 ]  p o te n t ia l ,  fo r  a  S c h w a r z s c h i l d  ty p e  b l a c k  h o le ,  e q u a t i o n s  
( in  d i m e n t i o n l c s s  g e o m e t r i c  u n it )  g o v e r n i n g  the  p o ly t r o p ic  in f lo w  a r e  ( S e c  [4 ] a n d  r e f e r e n c e s  
th e r e in  f o r  d e t a i l ) :
a) Conservation of specific energy :
2(r - 1) ( 1)
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b) Mass conservation equation :
M,n =0,„p(r)it(r)r2 ,
where 9m is the solid angle subtended by the inflow. We assume that for our model, the
The shock accelerated relativistic protons produce pions through post-shock inelastic 
collisions.
Pions generated by this process, decay into relativistic electrons, neutrinos & 
antinutrinos and produces high energy y rays. These electrons produce the observed non- 
themial radiation of AGN by wSynchrotron and inverse Compton scattering The overall efficiency
half of the energy (lux that goes into relativistic particles is lost due to neutrinos.
At the shock, density of matter will shoot up and inflow velocity tall down abruptly II 
(p , it ) and tp +, u^ ) are the pre and post-shock densities and velocities respectively, then
where R(()mp is the shock compression ratio (in the notation of |4 |) For high shock Mach 
number solution (which is compatible with our low energy accretion model), the expression lor 
Ki0flip can be w'ell approximated as
where Msh is the shock Mach number and eq. (4) holds good for Msh < 4.0 [ 111. However, the 
scattering mean free path of the relativistic hardrons produced by this process are assumed to 
be small enough so that they could encounter the full shock compression ratio while crossing 
the shock.
If we now' assume that a fraction £h of the infalling energy is converted into radiation
steady state solutions and in the ease of quasi-spherical infall, allows the development and 
maintenance of a standing, collisionless shock at a fixed distance t\h measured in the unit of 
Scwar/schild radius.
Defining S as the ratio of downstream relativistic particle pressure to incoming ram 
pressure at the shock, and cpp be the collision cross section for relativistic protons, the shock 
location rsh can easily be expressed as
effective thickness of the shock Ash is small enough compared to the shock standoff distance, 
i. e.,
p + p —> p + p + n 1 + n 0 •




through the hadronic collision (p -p )  and mesonic (tt1 , /r° ) decay, this ef: will allow convergent
(5)
4 Tapas K Das
where ush stands for the inflow velocity at the shock. We choose polytropic outflow with a 
different poly tropic index yQ < y due to momentum deposition. As a fraction of in falling energy 
density (eF) is converted into radiation, specific energy of the outflow is somewhat less than 
that of the inflow. Nevertheless, the outflow specific energy is also kept constant throughout 
the flow.
The following two conservation laws are valid for the outflow :
£ = -------+ n a(r) - 12 ( r - l ) (6)
= 0out p(r)v(r)r2 , (7)
where £*' is the specific energy of the outflow and e ' < e and n ’ = {y{) -  l )_l is the poly tropic 
constant of the outflow. 0 ouf is the solid angle subtended by the outflow and v(r) is the radial 
velocity of the outflow. For simplicity of calculation, we assume that the outflow is also quasi- 
sphcrical and 0 nm ~ 0 ,„.
Defining Rm as the mass outflow rate, we obtain
n  _  ^  out 
— ■ (8)
It is obvious from the above discussion that Rn 
functional dependences on the following parameters.
Rm = y(£ , Mm, rsh, Rum/I, y, y0).
should have some complicated
(8a)
The shock location is calculated by simultaneously solving the eqs. (1), (2) and (5). 
Using fourth order Runge Kutta method, n(r) and a(r) are computed along the inflow from the 
inflow sonic point till the position where the shock forms. With the known value of e ' and y 0, 
it is easy to compute the location of the sonic point of the outflow from eqs. (6 ) and (7). Runge- 
Kutta method is employed to integrate from the outflow sonic point towards the black hole to 
find out the outflow velocity v and density p at the shock location.The outflow rate is then 
computed using eqs. (8). Figure 1 shows one of our typical solutions (for a 1 0 black hole) 
which combines the accretion and the outflow. The input parameters are £ = 0.001, M,„ = 1.0 
Eddington rate (£(/ stands for the Eddington rate in the figure) and y  = ~ corresponding to 
relativistic inflow. The solid curve with an arrow represents the pre-shock region of the inflow 
and the solid vertical line with double arrow at X (the su b sc r ip t^  stands for pair plasma 
mediated shock) represents the shock transition. Three dotted curves show the three different 
outflow branches corresponding to different polytropic index of the outflow as yn = 1.3 (left 
most curve), 1.275 (middle curve) and 1.25 (rightmost curve). It is evident from the figure that 
the outflow moves along the solution curves completely different from that of the self-wind 
solution (solid line marked with an outward directed arrow) of the inflow which passes through 
t e sonic point Ps. The mass loss ratio Rm for these cases are 0.0023, 0.00065 and 0.00014 
respectively. It is observed that Rm monotonically increases with energy. This is because as £ 
increases keeping the Eddington rate of the inflow fixed, the shock Mach number A/., decreases, 
result of which is the decreament of shock location rs(i and post shock density [via eq. (4)1 but
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the increment of the post shock fluid velocity (vsh) with which the matter leaves the shock 
surface. The outfow rate Rm which is the product of these three quantities, in general, increases 
monotonically with £ due to the combined tug of war of these three quantities. Moreover, 
closer the shock forms to the black hole, the greater will be the amount of gravitational potential 
available to be put onto the relativistic hadrons to provide more outward pressure at the shock 
boundary which gives a stronger kick to the accreting matter, the result of which is the increment 
in Rm. All these points are manifested in Figure 2 where we have shown the variation of Rm as 
a function of compression ratio Rc (solid curve), the shock location rsh (dotted curve) and 
the injection velocity of the outflow v /; (dashed curve). The figure is drawn for a fixed y =  ^
and Y0 = 1 and vM* are scaled as Rtomp-> (Riump -  5.890) x 101 and
- nh 4 x 10“6v n(|. It is also observed that when inflow energy £ is kept fixed, Rm nonlinearly 
increases with Eddington rate. This is because, as £ is kept fixed while M m is varied, the 
amount of infallmg energy converted to produce high energy protons is also fixed, so higher is 
the value of M,„ (in the unit of Eddington rate), the larger is the distance of the shock surf ace 
(measured from the black hole) and the outflowing matter feels low inward gravitational pull, 
the result of which is the non-linear correlation of Rm with Min.
6h




F ig u re  1. Solution topology to r three different y{) (1 3 , I 275. 1 25) for £ -  0  001, M in = 
4
I 0, f  , = 1 0, y =   ^ £  indicates the sonic point o f the inflow where X/tftx stands for the shock 
location. See text for details.
F ig u re  2. Variation o f  R m with the com pression ratio R omp (solid curve), shock location Xps 
(dotted  curve) and o u tf lo w  velocity at shock v A (dashed curve) O ther param eters are f  = 
0 001 . M w = 1 0  (In the unit o f  Eddington rate), y  =  ^ and % = 1 3
To have a better insight of the behavior of the outflow, wc also studied the variation of 
Rm as a function of the polytropic index of the inflow yand that of the outflow y0 for fixed 
£=0.001 and M m = The range of y studied here are the range for which shock forms for 
the specified £ and Mm. The general observation is that Rm correlates with y0. This is because 
as y0 increases, shock location and post shock density of matter does not change (as y0 does 
not have any role in shock formation or in determining the /?f ) but the sonic point of the
outflow is pushed inward, hence the velocity with which outflow leaves the shock surface 
goes up resulting the increment in RHl. However, it is observed that R^ anticorrelates with y
F ig u re  1. F ig u re  2.
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T h e  basic co nc lus ions  of th is w ork  are the fo l lo w in g s  .
1 It is poss ib le  that o u tf lo w s  for quasi-spherica l B o n d i  ty p e  a c c re t io n  o n to  a 
S c h w a r /s c lu ld  b lack  hole  are c o m in g  from  the  p a ir  p la s m a  p re s su re  m e d ia te d
shock  surface.
2. T h e  ou tf low  rate m ono ton ica l ly  in c reases  w ith  the  spec if ic  e n e rg y  ol the  in f lo w  
and  n o n h n ea r ly  m c ie a sc s  w ith  the E d d in g to n  ra te  o f  the  in fa l l ing  m atter .
3 Rm, in genera l ,  co rre la tes  w ith  y0 but an t ico rre la te s  w ith  y.
4 G enera l ly  speak ing , as o u r  m ode l  dea ls  w ith  h igh  sh o ck  M a c h  n u m b e r  ( low  
energy  accre t ion) so lu tions,  ou tf lo w s  m o u r  w o rk  a lw a y s  g e n e ra te  h o r n  the 
superson ic  b ranch  o f  the inflow, i.c. sh o ck  is a lw ay s  loca ted  made the  so n ic  
point.
5. U nlike the m ass ou tf low  from [he air r e t  ion disks a ro u n d  b lack  h o le s  [2 ,3 ,4) here  
we found that the value o f  Rm is d is t in g u ish ab ly  sm all .  T h is  is b e c a u se  m a t te r  is 
e jec ted  out due  to the p ressure  of the re la tiv is t ic  p la s m a  pa irs  w h ic h  is less 
enough in c o m p a r i s o n  to the  p re s s u re  g e n e r a t e d  d u e  to  th e  p r e s e n c e  ol 
significant angular  m o m e n tu m  H owever,  in the p iesen t  w o rk  w e hav e  dea lt  w ith  
only  high M ach  n u m b e r  solu tion  w hich  m ean s  m a t te r  is acc re t in g  w ith  very  low  
e n e t g y V o l d  inflow, as it is de sc r ib ed  in l i te ra tu re)  T h is  is a n o th e r  p o ss ib le  
reason to obta in  a low m ass  loss rale. If, ins tead  o f  h igh  M a c h  n u m b e r  so lu t io n ,  
we w ou ld  use low M a c h  n u m b e r  so lu tion , e.g. h ig h  en e rg y  acc re t io n ,  the  m a s s  
ou tf low  w ou ld  be cons ide rab ly  h ig h er  ( th is is o b v io u s  b e c a u se  it has  a l r e a d y  
been  es tab lished  in present w ork  that Rm in c rea se  w ith  r  In o u r  nex t  w o rk ,  we
will p resent this t \ p e  o f  m odel by ca lcu la t ing  Rllttu}) and  
num bei solu tion
So far, we m ade  the c o m p u ta t io n  a ro u n d  S ch w a rz sc h i ld  b lack  ho le .  O u r  w o ik  c o u ld  be 
ex tended  to study m ass  ou tf low  in Kerr  space  t im e us ing  p s e u d o - K e r r  p o ten t ia l  114| and  
inco rpora t ing  the f ram e d ragg ing  effect.  T h is  is u n d e r  p re p a ra t io n  and  w ill be p re s e n te d  
elsewhere .
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